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Abstract:  In  the  present  review  some  selected  results  on  liquid-liquid 
immiscibility,  salt  solubility,  critical  and  tricritical  phenomena  in 
hydrothermal  systems  are  presented.  The  data  on  phase  behavior  of 
water  -  salt  mixtures  have  been  obtained  in  a  frame  of  approach  to 
systematic  investigation  of  phase  equilibria  over  a  wide  range  of 
parameters  discussed  earlier  in  this  Journal  (Pure  &  Appl.Chem.  67,  567  (1995). 


Water-salt  mixtures  belong  to  a  large  class  of  systems  characterized  by  different  volatility  of  the 
components.  Water  is  always  the  volatile  component,  whereas  nonvolatile  components  are  inorganic 
compounds  with  low  vapor  pressure  and  high  melting  temperature  (often  higher  than  critical  temperature 
of  water). 

Main  regularities  of  phase  behavior  in  binaiy  and  ternary  systems  over  a  wide  range  of  temperatures 
and  pressures  can  be  represented  by  means  of  complete  phase  diagrams.  The  diagrams  describe  all 
equilibria  with  gas  (vapor),  liquid  and/or  solid  phases  in  a  wide  range  of  parameters  and  usefull  for 
systems  with  the  components  of  different  volatility,  whether  they  are  hydrocarbons,  water,  inorganic  gases 
or  salts. 

In  preceding  reviews  [1-3]  the  fundamental  idea  of  continuous  transitions  between  fluid  phase 
diagrams,  originally  formulated  by  G.M.  Schneider  [4],  was  applied  to  completes  phase  diagrams,  and 
the  method  of  continuous  topological  transformation  of  complete  phase  diagrams  was  developed. 
This  method  permits  not  only  to  accumulate  of  available  experimental  data  on  phase  equilibria  and 
to  obtain  the  systematic  classification  of  binary  mixtures,  but  also  derivation  of  new  versions  of  phase 
diagram  for  binary  and  ternary  systems.  The  combination  of  experimental  studies  with  theoretical 
derivation  of  topological  schemes  for  the  phase  diagrams  establish  a  new  approach  to  systematic 
investigation  of  water-salt  equilibria  in  a  wide  range  of  temperatures  and  pressures. 

The  present  review  considers  some  recent  results  on  hydrothermal  phase  equilibria,  concentrating 
on  tricritical  phenomena,  and  thermodynamic  calculation  of  solubility  in  ternary  water-salt  systems. 
We  have  been  obtained  data  using  the  new  approach  mentioned  above. 

BINARY  SYSTEMS 

Two  main  types  of  hydrothermal  systems  or  systems  with  solid-supercritical  phase  equilibria, 
can  be  distinguished  according  to  the  nature  of  P-T  projections  of  their  phase  diagrams.  Particulary,  the 
types  of  system  is  distinguished  by  the  presence  or  absence  of  the  intersection  of  the  critical  curve 
(L=G)  and  the  three-phase  solubility  curve  (L-G-S)  [1-6]. 

The  first  type  of  the  system  (water-salt  systems,  or  salts  in  water-salt  mixtures)  is  distinguished  by 
the  absence  of  an  intersection  of  the  critical  and  solubility  curves.  That  implies  the  lack  of  critical 
phenomena  between  liquid  and  gas  (vapour)  in  the  solutions  saturated  with  the  solid  (L=G-S).  The 
salt  solubility  in  the  three-phase  equilibrium  L-G-S  increases  with  increasing  temperature  (positive 
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temperature  coefficient  of  solubility  (t.c.s,))  up  to  the  melting  temperature  of  the  salt  component.  The 
three-phase  solubility  curve  has  a  maximum  of  vapor  pressure.  The  water-salt  systems  whose  salt 
components  are,  so  called,  ’’high  solubility”  compounds  such  as  NaOH,  KOH,  NaCl,  KC1,  Na2B407, 
PbBr2,  Hgl2  etc.  usually  belong  to  this  type  of  system. 

Figure  la  shows  the  critical  curves  L-G  of  the  first  type  of  water-salt  systems.  The  curves  start  in 
the  critical  point  of  water  and  end  in  the  critical  point  of  salt  component  without  intersection  by  the 
solubility  curves. 

In  systems  of  the  second  (p-Q)  type,  increasing  temperature  corresponds  to  a  decrease  in  solubility 
of  the  salt  in  the  subcritical  area  (negative  t.c.s).  This  results  in  an  increasingly  similar  composition  of 
saturated  liquid  and  vapour.  At  temperatures  above  the  critical  temperature  of  water,  critical 
phenomena  are  observed  in  saturated  solutions.  The  first  critical  end  point  ("p"  (L=G-S))  is  the 
intersection  of  the  critical  and  the  solubility  curves.  The  second  critical  end  point  Q  occurs  at  higher 
temperatures,  pressures  and  salt  concentrations.  The  supercritical  fluid  equilibria  exist  in  a  temperature 
range  between  the  first  (p)  and  second  (Q)  critical  end  points.  In  this  region,  the  density  of  the  fluid 
phase  changes  with  pressure  but  there  is  no  separation  of  fluid  into  liquid  and  gas  at  any  pressure. 
The  most  "low  solubility"  compounds  with  relatively  high  melting  temperatures,  such  as  quartz,  heavy 
and  alkali  earth  metals  oxides,  sulfides,  carbonates,  silicates  and  alumosilicates  serve  as  nonvolatile 
component  in  the  systems  of  the  second  type.  Some  aqueous  systems  with  "high  solubility"  compounds 
such  as  alkali  metal  sulfates  and  carbonates,  NaF,  BaCl2,  Na3P04,  etc.  ,  however,  also  belong  to  the 
type  2. 
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Fig.  1  TheT-X  projections  of  critical  curves  for  binary  water-salt  systems  [1,5,7,10,16] 

a)  Liquid-gas  critical  curves  of  the  first  type  water-salt  systems 

b)  Liquid-liquid  (1-10)  and  liquid-gas  (11-13)  critical  curves  of  water-salt  systems. 


Water-salt  systems  of  both  types  could  be  complicated  by  the  immiscibiiity  phenomena  which  were 
found  at  a  temperatures  higher  than  200°  C.  In  systems  of  the  first  type,  a  stable  three-phase 
immiscibiiity  region  (Li-L2-G)  occurs,  whereas  in  systems  of  the  second  type  this  three-phase 
immiscibiiity  region  is  usually  metastable.  Only  the  system  BaCl2-H20,  attributed  to  the  type  2,  has  a 
stable  part  of  three-phase  immiscibiiity  region  [1,2].  It  is  important  that  metastable  immiscibiiity 
regions  were  found  in  all  water-salt  systems  of  the  second  type  studied  in  detail. 

The  two  main  types  of  immiscibiiity  region  were  distinguished  in  our  classification  of  binary  complete 
phase  diagrams  [1-3].  The  b-type,  corresponding  to  the  types  II  and  VI  in  the  classification  of  Scott  and 
Koninenburg  [8],  is  characterized  by  a  limited  immiscibiiity  region.  In  this  region  the  equilibrium  Lj-L2 
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is  terminated  either  by  critical  phenomena  Li=L2  and  the  critical  end  point  N  (Li=L2-G)  or  by  the 
interactions  with  solid  phase,  and  does  not  show  a  continuous  transition  into  equilibrium  L-G,  The 
critical  curves  Li=L2  and  L=G  never  intersect.  The  types  II  and  VI  [8]  arise  as  versions  of  the  main  fa- 
type  as  a  result  of  immiscibility  region  interactions  with  the  surfaces  of  crystallization  and  are 
designated  as  lb,  lb'  [1,3]  and  lbt,  lb2,  lbi'  [1,2]  in  our  classification. 

The  c-type  (corresponding  to  the  types  III  and  V  in  [8])  is  distinguished  by  another  critical  end 
point  R  (Li=G-L2)  terminating  the  three-phase  immiscibility  region  and  by  continuous  transition  of  LpL2 
equilibrium  into  L-G  one.  The  types  III  and  V  [8]  arise  due  to  the  interaction  of  the  equilibrium  Li- 
L2  with  solid  phase  and  are  referred  to  as  lc,  lc'  [1,3]  and  lei,  lc2,  Icf  [1,2]  in  our  classification  . 

The  type  IV  [8]  shows  two  immiscibility  regions  of  b-  and  c-types  in  a  system.  The  theoretical 
derivation  of  fluid  phase  diagrams  [9]  produces  even  more  complicated  versions  of  diagrams,  with 
three  separate  immiscibility  regions.  However,  each  of  them  belongs  to  one  of  the  main  types  mentioned 
above. 

Figure  lb  illustrates  the  different  behavior  of  critical  curves  corresponding  to  equilibria  L=G  and 
Li=L2.  The  first  curves  emerge  from  the  critical  point  of  water,  whereas  the  critical  curves  Li=L2  start  in 
the  critical  end  point  N  (Li=L2-G)  or  Q  (Li=L2-S)  depending  on  the  type  of  the  binary  system. 

TERNARY  SYSTEMS 

IMMISCIBILITY  AND  CRITICAL  PHENOMENA 

In  ternary  systems,  the  critical  surfaces  join  the  critical  curves  of  the  boundary  binary  systems  and 
inherit  the  forms  of  these  curves.  The  simple  smooth  critical  surfaces  arise  if  the  critical  curves  with  the 
same  equilibrium  are  joined.  TheP-X,  P-T  and  T-X  projections  of  the  critical  surface  Lj=L2,  joined 
the  same  boundary  critical  lines  in  the  system  Si02-Na0H-H20  [10],  are  shown  as  a  characteristic 
example  in  Fig.2. 


Fig.  2  The  P-X,  P-T  and  T-X 
projections  of  the  critical 
suface  Li=L2  and  mono¬ 
variant  critical  curves  of  the 
system  Na20  -  Si02  -  H20 
[10]. 


Ternary  critical  curves  Q  Ms- 
Qms,ds;  Qms,ds-Qds;  Qds-Nds; 
NdsNqz  and  Nqz-Qqz 
correspond  to  Li=L2-SMs; 
Li~L2-Sds;  Li HLrG;  Li^L^ 
Sqz  equilibria  respectively; 

Ms  -  Na2Si03;  Ds  -  Na2Si205; 
Qz  -  Si02. 


The  form  of  critical  surfaces  originating  in  the  critical  curves  with  different  phase  equilibria  is  much 
more  complicated  and  complex  than  in  the  case  when  the  critical  equilibrium  is  uniform  throughout  a 
critical  surface.  There  are  two  possibilities  shown  on  the  scheme  of  T-X  projection  of  a  ternary  phase 
diagram  where  both  boundary  systems  with  volatile  component  (A)  belong  to  the  first  type 
complicated  by  the  immiscibility  regions  of  different  types  (Fig.3), 
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Fig.3  The  T-X  projection  of  the  complete  phase  diagram  for 
the  ternary  system  A-B-C  with  the  two  boundary  systems  of  the 
first  type  complicated  by  liquid  immiscibility  regions  of  the  b- 
type  (system  A-B)  and  c-type  (system  A-C). 

Points  Ta,Tb,Tc  and  Ka,Kb,Kc  are  triple  and  critical  points  of 
pure  components;  EAc,  Eab,  Ebc,  N,  R,  Me,  Lc,  LB,  MB  -  invariant 
points  of  binary  systems,  corresponding  to  the  equilibria  L-G- 
Si-S2,  L,=G-L2,  Lr-LrS,  LrL2-G-S,  Li=L2-G;  E,  LNC,  LNB, 

NR  are  invariant  points  of  the  ternary  system  with  equilibria 
L-G-Sa-Sb-Sc,  Li=L2-G-S,  Li=L2=G. 

Compositions  of  liquid  phases  in  monovariant  equilibria  are 
shown  by  solid  lines.  Compositions  of  critical  fluids  in 
monovariant  equilibria  are  shown  by  dashed  lines. 

Compositions  of  equilibrium  vapor  phases  are  not  shown  for 
figure  simplification. 


The  b-type  immiscibility  region  occurs  in  the  system  A-B  and  the  c-type  -  in  the  A-C  system.  In 
both  systems  the  three-phase  immiscibility  region  (LrL2-G)  intersects  the  three-phase  solubility 
equilibrium  (L-G-S)  and  forms  the  invariant  point  L  with  equilibrium  LrL2-G-S. 

The  critical  surface  Li=L2,  started  in  the  critical  curve  N-M  of  the  binary  system  A-B,  does  not 
intersect  the  critical  surface  L=G,  originated  in  the  critical  line  KA-KB.  In  this  case,  the  different  critical 
equilibria  do  not  interact. 

In  the  case  of  the  interaction  of  different  critical  surfaces,  a  new  type  of  phase  equilibria  arises.  It  is 
so  called  "the  critical  phenomena  of  second  order"  or  "the  tricritical  point"  [11].  The  theoretical 
possibility  of  equilibrium,  at  which  three  coexisting  fluid  phases  simultaneously  become  identical,  was 
pointed  out  by  Ph.Kohnstamm  in  1926  [12].  The  first  experimental  evidence  of  that  phenomenon  was 
found  in  organic  and  water-organic  systems  by  two  Russian  groups  in  1962-1963  [13,14]. 

The  tricritical  point  RN  (Li=L2=G),  as  shown  in  Fig.3,  arises  at  the  intersection  of  the  two  ternary 
monovariant  critical  curves  R-RN  (Li=G-L2  )  and  NC-RN  (Li=L2-G).  This  point 
corresponds  to  a  disappearance  of  the  three-phase  immiscibility  region  in  ternary  mixtures  and 
forms  a  two-leaf  critical  surface,  which  connects  the  different  critical  curves  KA-KB  (L=G),  KA-R 
(L=G),  Kb-Kc  (L=G)  and  Kc-M  (Li=L2,  L=G)  in  the  boundary  systems. 

It  is  clear  from  fig. 3,  that  tricritical  phenomena  should  arise  in  ternary  mixtures  even  though  the  system 
A-B  belongs  to  the  first  type,  without  immiscibility  region.  Hence,  the  main 

condition  of  the  tricritical  equilibrium  occurrence  in  a  ternary  system  is  the  existence  of  the  c-type 
immiscibility  region  in  the  boundary  binary  mixtures,  which  disappears  when  we  add  the  third  component. 

We  have  studied  experimentally  both  types  of  ternary  water-salt  systems  (with  and  without  the 
immiscibility  region  of  b-type  in  one  of  binary  water-salt  systems)  and  have  found  direct  evidence  for 
existance  of  a  tricritical  point  in  both  cases. 

TRICRITICAL  PHENOMENA  IN  WATER-SALT  SYSTEMS. 

H20-Hgl2-Pbl2  SYSTEM  Both  boundary  water-salt  systems  belong  to  the  type  1,  with  different  types  of 
immiscibility  region.  Experimental  data  [15]  show  that  immiscibility  region  in  the  system  H20-Hgl2  (as 
well  as  in  the  system  A-B  on  fig.3)  is  bounded  at  high  temperatures  by  the  critical  end  point  N  (Li=L2- 
G)  and  belongs  to  the  b-type  [15].  The  three-phase  immiscibility  equilibrium  LrL2-G,  terminating  in  the 
critical  end  point  R  (Li=G-L2  )  in  the  system  H20-Pbl2  (as  well  as  in  the  system  A-C  in  fig.3),  belongs  to 
the  c-type. 
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The  method  of  visual  observation  of  phase  transformation  in  a  sealed  thick-walled  quartz  tube  have 
been  used  for  investigation  of  salt  solubility,  liquid-liquid  immiscibility  and  critical  phenomena  in  the 
ternary  water-salt  mixtures  [15]. 

Pbl?  Pbh 


Fig.4  Ternary  phase  diagrams  of  the  system  H20-Hgl2-Pbl2  at  high  temperatures  and  vapor  pressures 
[15]. 

a)  Compositions  of  coexisting  liquid  phases  saturated  with  solid  in  the  two  separated  immiscibility 
regions. 

The  circles  show  the  compositions  where  the  dissolution  of  solid  was  accompanied  by  liquid- 
liquid  immiscibility.  The  crosses  show  the  compositions  where  the  solid  was  dissolved  with 
the  production  of  homogeneous  liquid  phase.  The  compositions  of  concentrated  liquid 
solutions  were  estimated  very  roughly  and  shown  by  dashed  line. 

b)  compositions  of  critical  fluids  (curves  R-RN  and  Nc-RN),  equilibrium  non-critical  liquid  phase 
(curve  R’-RN),  and  tricritical  point  (RN). 

The  squares,  points  and  triangles  show  the  compositions  where  the  critical  phenomena  between 
vapor  and  dilute  liquid  solution  in  equilibrium  with  concentrated  one  (Li=G-L2)  were 
observed.  The  crosses  and  circles  show  the  compositions  where  the  liquid  immiscibility  was 
absent  and  critical  phenomena  L=G  were  observed  (crosses)  or  were  not  reached  in 
experimental  conditions  (circles).  The  designations  of  invariant  points  are  the  same  as  in  Fig. 3. 


The  experimental  results  are  represented  in  fig. 4.  Figure  4a  shows  the  compositions  of  two  coexisting 
liquid  phases  in  equilibrium  with  solid  and  vapor  phases  in  the  two  separate  immiscibility  regions  adjacent 
to  the  boundary  systems  H20-Pbl2  and  H20-Hgl2.  The  compositions  of  diluted  and  concentrated 
saturated  liquids,  joined  by  isothermal  tie-lines,  approach  each  other  upon  decreasing  of  temperature 
and  increasing  concentration  of  the  second  salt.  The  critical  phenomena  between  the  two  liquids  in 
equilibrium  with  the  vapor  and  the  corresponding  solid  phase  occur  at  ternary  critical  end  points  Nc 
(Li=L2-G-Spbi2)  and  NB  (Li=L2-G-SHgi2  )•  The  last  one  (NB)  is  joined  with  critical  end  point  N  (Li=L2-G) 
in  the  system  H20-Hgl2  by  the  monovariant  critical  curve  NB-N  (Li=L2-G). 

To  locate  the  tricritical  point,  monovariant  critical  curves  Li=G-L2  and  Li=L2-G  were  studied.  The 
first  one  originates  at  the  binary  critical  end  point  R  (Li=G-L2).  The  second  critical  curve  originates  at 
the  ternary  critical  end  point  Nc  (Li=L2-G).  Figure  4b  shows  the  intersection  of  these  curves  (R-RN 
and  Nc-RN)  in  the  tricritical  point  RN,  the  isothermal  tie-lines  between  the  compositions  of  the  critical 
solutions  (R-RN)  and  the  equilibrium  liquid  phase  (R'-RN). 

The  parameters  of  the  tricritical  point  RN  are  the  following:  401+1°  C;  1.4+0. 1  mol%  Pbl2  and 
9.2+0. 2  mol%  Hgl2. 
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H20-NaCl-Na2B407  SYSTEM  In  this  ternary  system  the  immiscibility  region  of  c-type,  terminated  by  the 
lower  (N  (Li=L2-G))  and  upper  (R  (Li=G-L2))  critical  end  points,  occurs  in  the  system  H20-Na2B407  [16]. 

The  phase  behavior  in  the  ternary  system  H20-NaCl-Na2B407  was  studied  by  vapor  pressure 
measurements  of  the  mixtures  with  constant  salt-to-salt  ratios  (15,  25,  35,  50  mol%  NaCl  in  the  NaCH- 
Na2B407  mixtures)  and  varying  content  of  water.  The  temperature  was  held  constant  at  388,  400,  405 
and  410°  C  [17]. 


Fig.5  The  ternary  prism  of  isobaric  T-X  cross-section 
of  the  complete  phase  diagram  for  ternary  system  A-B-C 
with  the  first  type  boundary  system  A-C  complicated  by 
liquid  immiscibility  region  of  the  c-type. 

Points  Ma,  Mh,  Mr  and  BA  are  melting  and  boiling  points 
of  pure  components;  Eab,  Ebc,  Eac  and  E  show 
compositions  of  the  liquids  in  equilibrium  with  two  and  three 
solid  phases;  N,  N'  -  compositions  of  the  critical  fluids. 

Solid  lines  show  compositions  of  equilibrium  liquid 
and  gas  solutions,  dashed  lines-compositions  of  solutions 
in  ternary  monovariant  equilibria.  Triangular  sections  of 
the  prism  show  all  the  equilibria  in  ternary  mixtures  at 
constant  T,  P. 


Fig. 6  Ternary  phase  diagrams  of  the  system  H20-Na2B407-NaCl  at  high  temperatures  and  vapor 
pressures  [17]. 

a-c)  Compositions  of  the  liquid  solutions  in  two-phase  (L-G)  and  three-phase  (Li-L2-G) 
equilibria  at  constant  pressures  and  temperatures  388  (a),  400  (b)  and  410°  C  (c). 

d)  Compositions  of  two  ternary  critical  curves,  meeting  at  the  tricritical  point. 


The  isobaric  cross-section  of  the  ternary  phase  diagram  (fig.  5)  shows  that  the  three-phase 
immiscibility  region  (LrL2-G)  disappears  with  increases  in  temperature  and  second  salt  (B)  concentration. 
Theoretical  derivation  of  such  isobaric  or  isothermal  schemes  as  well  as  the  projections  of  the  complete 
phase  diagram  (such  as  shown  in  fig.3)  has  the  objective  of  obtaining  insight  into  the  most 
appropriate  choice  of  experimental  method  and  strategy  of  investigation,  allowing  better  interpretation  of 
the  experimental  data.  In  this  instance  the  isobaric  cross-section  in  fig. 5  shows  both  the  ternary 
diagrams  at  constant  temperature  and  pressure,  and  their  transformation  with  temperature.  Such 
information  permits  not  only  to  determination  of  the  borders  of  immiscibility  region  from  the 
experimental  data,  but  also  estimation  of  the  parameters  of  the  lower  (Li=L2-G)  and  upper  (Li-G-L2) 
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critical  points  for  ternary  mixtures.  These  critical  points  are  joined  by  two  monovariant  critical  cun/es, 
which  meet  at  the  tricritical  point. 

Figure  6(a-c)  shows  the  compositions  of  homogeneous  liquid  and  immiscible  liquid  phases  in 
equilibrium  with  vapor  at  constant  temperatures  and  pressures.  Also  shown  are  the  compositions  of 
supercritical  and  critical  fluids,  obtained  by  interpolation  of  experimental  data.  The  extent  of  the  ternary 
critical  curves,  starting  in  the  binary  critical  end  points  N  and  R,  is  demonstrated  in  fig.6d. 

The  difference  in  critical  parameters  of  these  curves  should  vanish  at  the  tricritical  point.  Short 
extrapolation  of  the  experimental  data  gives  a  range  of  temperature,  pressure  and  composition,  where 
the  tricritical  phenomena  occur.  The  tricritical  parameters  for  the  system  H20-NaCl-Na2B407,  evaluated 
in  this  way,  are  the  following  :  408+2°  C;  295+5  bars;  2. 2+0. 2  mol%  NaCl;  2. 2+0. 2  mol%  Na2B407. 

SOLUBILITY  PHENOMENA  IN  HYDROTHERMAL  CONDITIONS 

So  far,  the  phase  behavior  in  ternary  water-salt  systems  has  been  discussed  for  the  cases  where  both 
boundary  water-salt  systems  belong  to  the  type  1.  In  these  cases,  the  usual  shape  of  solubility 
surfaces  for  the  three-phase  equilibrium  (L-G-S),  with  singular  minima  at  eutonic  and  eutectic 
compositions  can  be  complicated  by  an  immiscibility  phenomena  as  shown  in  fig. 3. 


Fig.  7  The  T-X  projections  of  phase  diagrams  for  the  ternary  systems  with  one  boundary  system 
of  the  type  2  (A-B,  H20-K2S04)  and  the  other  -  of  the  type  1 . 

a)  ternary  prism  of  the  complete  phase  diagram  for  the  system  A-B-C. 

The  designations  are  the  same  as  in  Fig. 4.  Thin  dashed  and  solid  lines  show  the  cross- 
sections  of  critical  and  solubility  surfaces  at  constant  contents  of  the  component  C. 

b)  temperature  dependence  of  K2S04  solubility  in  the  system  H2O-K2SO4-KNO3  at  vapor 
pressures  and  constant  concentrations  of  KNO?  (from  0  (H20)  up  to  100  %)  [19]. 


If  one  of  the  boundary  binary  water-salt  systems  belongs  to  the  type  2,  new  phenomena  in  solubility 
behavior  in  the  ternary  systems  are  observed.  The  addition  a  salt  of  the  first  type  to  binary  mixtures  of 
the  second  type  results  in  the  following: 

-  the  sign  of  t.c.s.  changes  from  negative  to  positive, 

-  supercritical  fluid  equilibria  and  critical  phenomena  in  ternary  solutions  saturated  with  the  second 
type  salt  should  disappear, 
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-  the  metastabie  immiscibility  region  spreads  from  the  second  type  boundary  system  into  the 
ternary  one  and  disappears  in  metastable  conditions  or  after  transformation  into  stable  equilibria. 

All  ternary  hydrothermal  systems  of  this  type,  studied  up  to  now,  exhibit  the  disappearance  of  the 
three-phase  immiscibility  region  only  under  metastable  conditions.  However,  the  specific  shape  of  stable 
ternary  solubility  surface  in  a  reagion  adjacent  to  the  second  type  boundary  system  gives  the  evidence  of 
the  metastable  immiscibility  spreading  into  the  supersaturated  three-component  region  [1,18]. 

The  P-X  projection  of  the  complete  phase  diagram  for  the  ternary  system  with  the  boundary  systems  of 
type  1  (A-C  and  B-C)  and  type  2  (A-B)  is  given  in  fig. 7a.  The  monovariant  critical  curve  p-Q, 
corresponding  to  the  intersection  of  critical  (KA-p-Q-KB-Kc)  and  solubility  (Eab-P-Q-Tb-EBc-E) 
surfaces,  bounds  the  supercritical  fluid  equilibria  region  in  the  ternary  system.  It  is  felt  that  the 
concentration  of  B  is  rather  low  in  the  critical  solutions  saturated  with  the  solid  C  (curve  p-Q). 
However,  the  experimental  data  for  this  critical  equilibrium  in  such  ternary  water-salt  systems  are  not 
yet  available.  The  data,  obtained  for  such'  hydrothermal  systems,  are  usually  limited  by  salt  solubility 
measurements. 

An  example  of  the  solubility  behavior  of  the  second  type  salt  in  hydrothermal  solutions  of  the  first  type 
electrolyte  is  demonstrated  in  fig. 7b.  The  solubility  surface  of  K2SO4  is  represented  by  a  set  of 
isoplets  with  near  constant  contents  of  KNO3.  The  temperature  dependence  of  K2SO4  solubility 
changes  with  increasing  of  KNO3  concentration.  A  negative  t.c.s  of  K2SO4  in  water  and  dilute 
KNO3  solutions  becomes  a  positive  when  the  general  concentration  of  saturated  solution  reaches  7-7.5 
mol  %  [19]. 

In  a  region  where  the  sign  of  t.c.s.  changes,  the  most  drastic  transformations  of  the  solution 
structure  are  expected.  Indeed,  this  region  is  distinguished  by  fundamental  change  in  behavior  of 
thermodynamic,  transport  and  spectroscopic  properties  from  "waterlike"  to  "meltlike"  (  such  as  t.c.s.) 
[1,3].  Another  peculiarities  of  the  transition  region  are  the  appearence  of  the  liquid-liquid  immiscibility 
in  such  hydrothermal  electrolyte  solutions  and  the  systematic  decrease  of  transition  concentration  with  an 
increase  of  ionic  charge  in  solutions  [1]. 

ANALYTICAL  DESCRIPTION  OF  HYDROTHERMAL  SOLUBILITY. 

There  are  several  approaches  for  thermodynamic  calculation  of  salt  solubility  at  high  temperatures  and 
pressures  [20-26].  One  of  them  developed  by  Lietzke,  Stoughton  [24],  Marshatl[25]  and  Malinin 
[26]  shows  that  solubility  of  the  second  type  "low  solubility"  compounds  such  as  CaS04,  BaS04, 
Ag2S04,  CaF2,  CaMo04,  etc.  in  hydrothermal  electrolyte  solutions  of  ionic  strength  up  to  2-3  m,  could 
be  conveniently  described  by  extended  Debye-Huckel  theory  using  the  equation 

logQ.p  =  logK  op+  Iz2.sWl/(l+A.Vl)  (1) 

where  Qsp  and  Kap  are  the  solubility  and  activity  products  of  dissolved  salt,  z  is  the  charge  of  ions,  S 
is  the  theoretical  Debay-Huckel  limiting  slope,  I  is  the  ionic  strength  of  solution,  and  A  is  the 
parameter  related  to  the  ion  size. 

We  have  checked  the  adherence  of  that  approach  for  the  second  type  "high  solubility"  compounds  such 
as  Na2S04,  Na2C03  and  K2S04,  using  the  available  experimental  data  on  the  solubility  of  these 
compounds  in  NaOH-,  NaCl-,  KC1-  and  KNCVbearing  hydrothermal  solutions  [5,18,19,27].  The 
calculation  of  the  solubility  products  has  been  done  for  a  wide  range  of  concentrations  up  to  the 
ionic  strength  of  several  tens  molality  which  is  higher  than  the  transition  concentrations  for  these  systems 
[28]. 

The  linear  dependence  of  solubility  product  on  the  ionic  strength  with  a  theoretical  slope  is 
confirmed  up  to  extremely  high  concentrations  of  the  solutions  (see  fig.8).  Moreover,  the  careful 
analysis  of  the  data  shows  that  the  systematic  deviation  of  the  experimental  values  from  the 
theoretical  straight  line  is  observed  when  the  solution  concentration  exceeds  that  of  the  transition  region. 
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It  is  surprising  that  such  a  primitive  model,  which  describes  the  thermodynamics  of  aqueous 
electrolyte  solutions  only  up  to  0.2-0. 5  in  at  ambient  temperatures,  produces  good  agreement  with 


Fig.  8  Plots  of  the  logarithm  of  the  solubility  products  (QSp)  of  Na2S04  (a),  Na2C03  (b)  and 
K2S04  (c)  in  aqueous  solutions  of  NaOH,  NaCl,  H2S04,  KC1  and  KN03  vs  a  function  of  the  ionic 
strength  at  200-350°  C  and  vapor  pressures  [5,18,19,27], 

The  straight  lines  represent  Debye-Huckel  theoretical  slopes. 


experimental  data  for  salt  solubility  in  hydrothermal  solutions  with  the  ionic  strength  up  to  2-3  m  and  even 
10-16  m  (in  the  case  of  "high  solubility"  salts  of  type  2). 

It  was  shown  [25,26]  that  this  approach  is  largely  sensitive  to  the  processes  of  association,  hydrolysis  and 
other  chemical  interactions  in  aqueous  solutions,  which  produce  new  molecular  species.  However,  the 
quantitative  agreement  between  experimental  and  calculated  data  on  solubility  demonstrates  that 
interactions  between  the  ions  and  other  particles  are  not  significantly  detectable. 

If  the  obtained  results  are  not  coincidental  and  the  effects  which  were  not  taken  into  account  by  the 
Debay-Huckel  model,  compensate  each  other  and  are  eliminated  by  correctly  described  processes  of 
ion  interaction  in  hydrothermal  solutions,  the  following  conclusions  can  be  drawn. 

The  processes  of  association  and  other  above-mentioned  factors  are  absent  in  the  given  solution  up  to 
high  electrolyte  concentrations. 

The  equation  (1)  provides  the  correct  description  of  the  hydrothermal  solubility  in  a  wide  range  of 
electrolyte  concentration  in  the  case  of  the  general  increase  of  ion-ion  interactions  in  the 
hydrothermal  solutions  with  "waterlike".  structure,  if  the  process  of  formation  of  the  new  molecular 
species  is  not  taking  place. 

The  hydrothermal  solutions  with  electrolyte  concentrations  above  the  transition  region  are  distinguished 
by  a  different  molecular  structure  with  "meltlike"  network  of  ionic  bonds.  The  new  system  of  molecular 
interactions  can  not  be  described  by  the  Debay-Huckel  model  and  gives  rise  to  the  discrepancy  between 
the  calculated  and  experimental  values  of  the  hydrothermal  solubility. 
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